Sodium dodecyl sulphate/polyacrylamide-gel electrophoresis of immunoprecipitates of liver cytosol with anti-(L-type pyruvate kinase) serum revealed proteins of mol.wt. 56000 and 42000 in addition to the heavy and light chains. The ratio of the 56000mol.wt. to the 42000mol.wt. protein increased under dietary conditions that resulted in an increase in the apparent specific activity of hepatic pyruvate kinase. The 42000mol.wt. protein was removed from immunoprecipitates if the liver cytosol was partially purified by pH precipitation and (NH4)2SO4 fractionation before addition of the antiserum. This technique may be used to analyse the formation of pure L-type pyruvate kinase in liver. By using H14CO3-labelling, the ti of L-type pyruvate kinase was estimated as 75 ± 1.7 h in post-weaned high-carbohydrate-diet-fed rats. Before weaning there was little immunoreactive pyruvate kinase in rat liver cytosol. Induction began between 6 and 24h after weaning and reached a maximum value 120h after weaning.
estimated as 75 ± 1.7 h in post-weaned high-carbohydrate-diet-fed rats. Before weaning there was little immunoreactive pyruvate kinase in rat liver cytosol. Induction began between 6 and 24h after weaning and reached a maximum value 120h after weaning.
When clearly enhanced total pyruvate kinase activity was first observed at 24 h post-weaning, the apparent specific activity of hepatic pyruvate kinase was considerably lower than the specific activity of the pure isolated enzyme. When the induction of L-type pyruvate kinase was monitored by the incorporation of L- [4,5-3H] leucine, the maximum rate of synthesis occurred 24-48 h after weaning. After this period synthesis declined, indicating a relatively slow turnover of the enzyme once the enzyme concentration was established in the liver.
Pyruvate kinase (ATP-pyruvate 2-O-phosphotransferase, EC 2.7.1.40) occupies a key position in the control of hepatic metabolism, since regulation of activity could influence the rate of gluconeogenesis (Feliu et al., 1976 (Feliu et al., , 1977 , the rate of glycolysis (Scrutton & Utter, 1968; Seubert & Schoner, 1971 ) and the rate of fatty acid synthesis (Ochs & Harris, 1978) . The main isoenzyme in liver, the L-type isoenzyme (for a review see Engstr6m, 1978) , is subject to a complex pattern of regulation. The enzyme shows co-operative binding of phosphoenolpyruvate (Rozengurt et al., 1969) and is subject to regulation by a number of allosteric ligands, including fructose 1,6-bisphosphate Ekman et al., 1976) and alanine (Seubert et al., 1968) . All of these processes are in turn influenced by the fact that the enzyme is susceptible to phosphorylation by cyclic AMPdependent protein kinase (Ljungstrom et al., 1974;  Abbreviation used: SDS, sodium dodecyl sulphate.
Vol. 192 Ekman et al., 1976) . Phosphorylation of L-type pyruvate kinase may be regarded as inhibitory to enzyme activity (Foster & Blair, 1978) . There is now clear evidence that phosphorylation of the enzyme is stimulated by glucagon both in vivo and in vitro (Blair et al., 1976; Feliu et al., 1976; Ekman et al., 1976; Van Berkel et al., 1977; Riou et al., 1978) . These observations suggest that phosphorylation is a major contributing factor in the stimulation of gluconeogenesis and the inhibition of fatty acid synthesis by glucagon.
The concentration of L-type pyruvate kinase is also closely regulated by dietary conditions (Krebs & Eggleston, 1965) , which presumably reflect hormonal concentration. Experiments with enzyme activity measurements revealed increased activity on feeding (Hopkirk & Bloxham, 1979) or weaning (Weber et al., 1965; Vernon & Walker, 1968a,b) and decreased activity on starvation (Van Berkel et al., 1977 , 1978 . More recent studies by immunological techniques revealed that this situation could be more complex, since the apparent specific activity of enzyme was lower in liver cytosol compared with pure enzyme, owing to the presence of immunoreactive, but catalytically inactive, protein (Kohl & Cottam, 1976 Hopkirk & Bloxham, 1979) . Furthermore, the apparent specific activity appeared to alter with dietary status. We decided to investigate this phenomenon further by analysing the biosynthesis of the enzyme at weaning by quantitative immunological techniques.
Materials and methods
The experimental procedures for the isolation of pure rat L-type pyruvate kinase, the preparation of rabbit anti-(L-type pyruvate kinase) sera, quantitative immunotitration and the assay of hepatic pyruvate kinase were exactly as described previously (Hopkirk & Bloxham, 1979) . A unit of enzyme activity is defined as the amount of enzyme producing 1 pmol of pyruvate/min at 370C. The effects of inhibitory ligands on L-type pyruvate kinase were eliminated by performing assays in the presence of the activator 0.5 mM-fructose 1,6-bisphosphate (Ekman et al., 1976 
Controlled weaning
Litters were kept with the mother until day 20 after birth on a raised wire platform which allowed all food particles to drop out of reach of the pre-weaned rats. At day 20 all food was removed from the cage to ensure that the pre-weaned rats kept to maternal milk. At 09:00h on day 21 the mother was removed from the cage and rats were provided with either high-carbohydrate, low-fat diet or moistened chow pellets ad libitum.
Liver extracts
All experiments involving enzyme fractionation were performed at 4°C. Homogenates (10%, w/v) of liver were prepared in 250mM-sucrose containing 1 mM-dithiothreitol and 1 mM-EDTA, pH 7. The homogenate was centrifuged at 1800Og for 20min to produce a liver fraction for enzyme assay.
For partial purification of liver extracts, usually 1-3 g of liver was processed. The initial extract was prepared as described above and assayed to determine the total enzyme activity. A high speed supernatant was then prepared by centrifugation at lOOQOOg for 60min. The NaH'4CO3 to obtain adequate incorporation of radioactivity into the liver samples. Antiserum (1 ml) was added to 60 units of enzyme in the liver extract. After 1-2 h the inhibition of enzyme activity was confirmed by assay. If greater than 90% inhibition was obtained the sample was layered over 1 ml of 0.5 M-sucrose in phosphatebuffered saline, pH 7.2 (0.8% NaCl, 0.02% KCI, 0.115% Na2HPO4 and 0.02% KH2PO4) containing 0.1% Triton X-100 and the immunoprecipitate was obtained by centrifugation at lOOOOg for 20min. The pellet was suspended in 3ml of phosphatebuffered saline containing 0.1% Triton X-100 and spun through the sucrose cushion again. This step was repeated once more. When radioactive incorporation was measured, the protein was dissolved in 1 ml 90% (w/v) formic acid and an aliquot was counted in 0.8% butyl-PBD [5-(4-biphenylyl)-2-(4-t-butylphenyl-1 -oxa-3,4-diazole)I in toluene by using an Intertechnique ABAC SL 30 liquid-scintillation counter. When the protein content of immunoprecipitates was determined the pellet was dissolved in 500,p of 0.1 M-NaOH and protein was determined with Folin-Ciocalteau reagent (Lowry et al., 1951) .
When immunoprecipitates were analysed by SDS/polyacrylamide gel electrophoresis, the protein was solubilized in 10mM-sodium phosphate, pH 7.0, containing 1% (w/v) SDS and 1 mM-2-mercaptoethanol. SDS/polyacrylamide gel electrophoresis was performed by using the procedure of Weber & Osborn (1969) with 10% (w/v) polyacrylamide slab gels ( Figs. 1 and 2 ) or 7.5% (w/v) polyacrylamide cylindrical gels (Fig. 8 ).
Slab gels stained by Coomassie Brilliant Blue were vacuum dried and photographed (Figs. 1 and 2). Cylindrical gels were sliced into 2mm bands and the gel was solubilized in NCS tissue solubilizer (Searle-Amersham) for liquid-scintillation counting.
The incorporation of L-[4,5-3Hlleucine into total cell protein was assayed by the filter paper disc method (Dunaway & Weber, 1974) .
Results
Protein species precipitated by anti-(liver pyruvate kinase) serum To analyse proteins precipitated by anti-(liver pyruvate kinase) serum L-type pyruvate kinase in liver cytosol from chow diet-fed ( Fig. 1 ) rats was precipitated with excess anti-(liver pyruvate kinase) serum and the pellets were obtained by centrifugation. Fig. 1 shows that, as well as a 56000mol.wt. protein, additional protein bands at mol.wts. 100000 and 42000 were clearly identified All these bands were absent when cytosol was mixed with pre-immune serum ( Fig. 1 ; tracks 5 and 7). The pattern of immunoprecipitated proteins was not altered by the inclusion of Triton X-100 during isolation (Fig. 1) so the detergent was routinely included. The appearance of the 42000 mol.wt. protein on the gels was not affected by the inclusion of 1 mM-phenylmethanesulphonyl fluoride, an inhibitor of proteolytic enzymes (Fahrney & Gold, 1963) , in all the preparation buffers. The highmolecular-weight-protein fraction was present in variable concentration and it was virtually indistinguishable by electrophoresis from liver pyruvate kinase dimer. Its presence on the gels may result from incomplete reduction of disulphides in immunoprecipitates, since these were fairly resistant to solubilization. The concentration of the 42000mol.wt. protein was dependent on the source of the liver. The concentration of the protein was higher in the liver of chow-fed rats (ratio of mol.wt. 42 000: mol.wt. 56000, 2:1) compared with the liver of high-carbohydrate-diet-fed rats (mol.wt. 42000: mol.wt. 56000, 0.7:1; results not shown). This is consistent with the observed higher specific activity for pyruvate kinase in the liver of highcarbohydrate-diet-fed rats compared with chow-fed rats (Kohl & Cottam, 1977; Hopkirk & Bloxham, 1979) . The 42000mol.wt. protein was absent from immunoprecipitates of pure liver pyruvate kinase (Hopkirk & Bloxham, 1979) .
In a previous paper (Hopkirk & Bloxham, 1979) we reported that, if liver cytosol was partially purified by precipitation at pH5.0 and (NH4)2SO4 fractionation, the specific activity of this fraction measured by immunological techniques was identical with that of pure liver pyruvate kinase. This observation means that any antigenic, but catalytically inactive, proteins such as the 42000mol.wt. protein would not be precipitated if antiserum was added to partially-purified liver cytosol. This was confirmed experimentally (Fig. 2 ).
Essentially all traces of 42000mol.wt. protein were absent from immunoprecipitates when partially purified liver cytosol fractions were from either high-carbohydrate-diet or chow-fed rats.
Estimation of the half-life ofhepatic pyruvate kinase in vivo
To describe the system for pyruvate kinase biosynthesis more fully we felt that it was important to establish the lifetime of the L-type pyruvate kinase subunit (mol.wt. 56000) in vivo under stable metabolic conditions. For this experiment rats were weaned onto high-carbohydrate diet and were maintained on this diet for 2-3 weeks. At the end of this time rats were injected with NaH 14CO3 and were killed at various times afterwards. Liver tissue was freeze clamped and stored under liquid N2. Immunoprecipitates were prepared from partially purified liver cytosols and the incorporation of 14C into the immunoprecipitates was determined. The loss of 14C from immunoprecipitates with time followed first-order kinetics (Fig. 3) (Fig. 4) Division of the enzyme activity by the concentration of immunoreactive protein enables estimation of the apparent enzyme specific activity. For pure L-type pyruvate kinase the enzyme specific activity was estimated at 200 units/mg of enzyme protein under the conditions employed for the immunotitration experiments. Before weaning the apparent enzyme specific activity was very low (Figs. 4 and 5 ). On weaning, the highest specific activity (80-100units/mg) was obtained for the high-carbohydrate-diet fed animals. The apparent specific activity of the enzyme actually declined by a small, but significant, amount (P<0.05) between 72 h and 120h after weaning. When clearly enhanced total enzyme activity was first observed at 24h post weaning, the apparent specific activity of hepatic pyruvate kinase (80-100units/mg of protein) was still lower than the specific activity of the pure isolated enzyme. This result could be achieved only if L-type pyruvate kinase and the additional antigenic proteins share virtually identical patterns of induction at weaning.
Quantitative immunotitration of L-type pyruvate kinase in the presence ofcytosol
We have provided evidence that the low apparent specific activity of pyruvate kinase in liver cytosol was due to the presence of antigenic proteins closely related to pyruvate kinase. An alternative explanation was that, in the presence of liver cytosol, the titration of liver pyruvate kinase was influenced in some unexpected way. The latter possibility was To show that the point of equivalence was proportional to the enzyme concentration in the liver extract, rats weaned onto a high-carbohydrate diet were used. These animals had a total hepatic pyruvate kinase activity at 370C of 7.0+0.4 (mean+ S.E.M.; n = 12) units/ml of extract. Pure enzyme was added to samples of these extracts to double the original activity. In the presence of a constant amount of antiserum, the equivalence point Volume of cytosol fraction (#Iu) Fig. 6 was approximately halved by this procedure (Fig. 7) . Thus any change in the position of equivalence was inversely proportional to the change in the concentration of enzyme protein present in the extract.
The presence of pre-immune serum had no effect on the activity of hepatic pyruvate kinase during incubation. Therefore the presence of pre-immune rabbit serum serves as a control for any non-specific precipitation. In the presence of limited antiserum all the activity was neutralized in both the pure enzyme and the liver extract from pre-weaned rats but only 58% was inhibited in the liver extract of weaned rats (Table 1) . As not all the activity was inhibited in the liver extracts of weaned rats, this implies that there was additional antigenic protein in the cytosol fraction competing for the antibody-binding domains.
Consistent with this deduction is the observation that, in the liver extract of weaned rats, the amount of protein precipitated was virtually identical with that in the incubation with pure enzyme. In contrast, the amount of immunoprecipitated protein was considerably lower when the liver extract of preweaned rats was used. In the presence of excess antibody the enzyme present in all three incubations was completely neutralized. The immunoprecipitated protein was not increased in either the incubations with pure enzyme or liver extracts from pre-weaned rats, but there was a significant (P < 0.05) increase in the immunoprecipitated protein when liver extracts from weaned rats were used. The increase in total immunoprecipitated protein from the pre-weaned to weaned state (5-fold) was virtually identical with the titrated increase in L-type pyruvate kinase at 72 h (Fig. 5) To obtain information on the rate of biosynthesis of pyruvate kinase during weaning the synthesis of enzyme was monitored by following the incorporation of l00,uCi of L- [4, injected in vivo. Incorporation over a 24 h period was measured into (a) the total hepatic water-soluble radioactivity, (b) total hepatic soluble protein, (c) total immunoreactive pyruvate-kinase-like protein and (d) immunoprecipitated L-type pyruvate kinase after partial purification of liver cytosol (Table 2) . The incorporation into 'antigenically related proteins' was estimated by the subtraction of (d) from (c). This incorporation is primarily into the 42000mol.wt. protein as demonstrated by SDS/ polyacrylamide-gel electrophoresis.
Because the rats increased in weight during the course of the experiment, the labelling of the amino-acid pool and the total hepatic protein decreased progressively. This decrease is sufficiently small for 72h after weaning that any correction has a negligible effect on the final result. Therefore uncorrected data are presented in Table 2 for incorporation into pyruvate kinase. Before weaning the synthesis of L-type pyruvate kinase, or antigenically related proteins, was very low. At weaning there was, as expected, a marked increase in incorporation into pyruvate kinase. The maximum rate of synthesis occurred between 24 and 48 h after weaning. At this point incorporation into total hepatic pyruvate kinase represented 0.77% of the total incorporation into liver protein. The increase in incorporation 48 h after weaning represented a 6-8.5-fold stimulation of synthetic rate when compared with the pre-weaned rats. After 48 h, the synthesis of L-type pyruvate kinase declined significantly so that when the enzyme content of the tissue was virtually at its peak value (i.e. 61 units/g wet wt.) then incorporation was at its lowest value in the weaned rat. This implies that turnover of L-type pyruvate kinase is relatively slow and is quite consistent with the estimation for ti of the enzyme at 75 h (Fig. 3) . There was a significant increase in incorporation into the antigenically related protein fraction, which occurred within the first 24 h after weaning and therefore this fraction is formed on the Swick & Ip (1974) . The method has been used to estimate the turnover of several individual proteins by immunological methods similar to that employed here, e.g. liver phosphofructokinase (t1 43 h; Dunaway et al., 1978) and liver fructose 1,6-bisphosphatase (tj 45 h; Zalitis & Pitot, 1979) . The half-life of L-type pyruvate kinase was estimated as 75 h. This value of 75 h for the lifetime of the enzyme is slightly longer than our previous estimate of 56 h for the rate of degradation of the enzyme when adult rats were starved (Hopkirk & Bloxham, 1979. (Bergstrom et al., 1975, 
1978; Hall et al., 1979) . Feeding animals a highonto highcarbohydrate, low-fat diet would result in an tion was enhanced plasma insulin concentration (Sugawaithout any Katayama & Morita, 1977; Laube et al., 1978) . As )recipitates feeding results in an increase in the insulin: glucagon n (-) was ratio (Unger, 1971; Parilla et al., 1974; Ip et al., .5% cross-1977) , the net effect of these changes may presumlar weight ably be a decrease in the phosphorylation state of eavy chain L-type pyruvate kinase (Taunton et al., 1974; Blair protein; d, et al., 1976; Engstrom, 1978 : Claus et al., 1979 . tion of the The estimate of ti as 75 h confirmed our previous nobility on observation (Hopkirk & Bloxham, 1979) 
turnover of L-type pyruvate kinase was relatively slow compared with the induction of synthesis of the enzyme. In the present work we have shown that, at weaning onto high-carbohydrate diet, most of the synthesis of enzyme was completed within 48 h as judged by radioisotope incorporation, which is less than one half-life for enzyme degradation.
Before weaning there was little immunoreactive pyruvate kinase protein or incorporation of L- [4, . A clear induction of enzyme activity was observed within 6-24 h on weaning as judged by both of these parameters (Figs. 4 and 5 and Table  2 ). These results show that there is not a nascent precursor of pyruvate kinase that is only activated at weaning. The results are consistent with hormoneinduced synthesis de novo of L-type pyruvate kinase mRNA which is subsequently translated to form active protein. The peak rate of translation of L-type pyruvate kinase mRNA as judged by L-[4,5-3Hlleucine incorporation must occur within 24-48h after weaning. Presumably this may also be the time when mRNA concentration is maximum. The current work is the first unequivocal demonstration of the enhanced synthesis de novo of L-type pyruvate kinase at weaning and complements the original studies on the appearance of enzyme activity.
Immunoreactive forms of L-type pyruvate kinase in the liver
In addition to the L-type pyruvate kinase subunit of mol.wt. 56000 we have demonstrated the immunoprecipitation of an additional related protein of mol.wt. 42000. If the 42000 mol.wt. protein was a proteolytic product of L-type pyruvate kinase, then we felt that its formation should lag behind pyruvate kinase, especially when one considers the relative stability of L-type pyruvate kinase as judged by its ti. This does not seem to be the case, since firstly incorporation of L-[4,5-3Hlleucine into the 42 000 mol.wt. protein was observed very early in the weaning process and secondly the apparent specific activity of pyruvate kinase was low as soon as the appearance of the enzyme was detected on weaning. Currently we must presume that this protein is a gene product separate from L-type pyruvate kinase with which it shares common antigenic determinants. Kohl & Cottam (1977) and Hall et al., (1979) have also tried to identify related forms of L-type pyruvate kinase. They purified the enzyme from 84 h-starved rats (normally low apparent specific activity) and identified proteins of mol.wts. 56000 and 51 000 in their final preparation. The latter protein was not immunoreactive. We have already shown that attempts to co-purify antigenic proteins competing with L-type pyruvate kinase should be unsuccessful since those proteins are removed in the early step of the conventional purification procedure.
Note Added in Proof (Received 15 August 1980) During the preparation of this paper Cladaras & Cottam (1980) presented data showing the half-life of liver pyruvate kinase to be between 50 and 60h.
T. J. H. is grateful to the Science Research Council for the award of a research studentship. This work was also supported in part by the Medical Research Council.
